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The effectiveness of a radia.1 wire ground system as an approximation to a radial con- 
ducting disk ground system for a vertical monopole antenna over an imperfectly conducting 
ground is investigated experimentally by means of impedance measurements. The results 
were compared with theoretical work by J. R. Wait. The comparison shows that Wait's 
formula for the effective surface impedance of a radial wire ground system gives results 
which agree well with the measurements. 



1. Introduction 

A vertical inonopolo anlcMina ovcm' an iiii|)(MT(M'lJ\' 
conducting ground is normally used in eoiijuiictiou 
with a groinid system consisting of a circular con- 
ducting disk or a number of radial wires. The use 
of such a groinul system greatly reduces the power 
loss in the ground near the hase of the monopole. 
The disk is the most effective ground systeJu in this 
respect; but, for large anteiuia systems, cost consid- 
erations necessitate the use of radial wires. The 
effectiveness of radial wire systems as approxima- 
tions to disks is investigated by jueans of impedance 
measurements. 

A vertical monopole antenna system was con- 
structed in the laboratory using water as an imper- 
fectly conducting groimd. The water was contained 
in a tank of sufficient extent and depth to ver}' 
closely approxijuate an infinite half space. 

Impedance measurements were made for a X/4 
monopole, first with a circular conducting disk 
ground systein and then witli radial wire ground 
systems of various radii and number of wires. The 
frequencies used were 4.2 and 9.6 kMc/s. As the 
number of radial wires in the ground system is 
increased, the impedance of the monopole approaches 
that for a conducting disk ground system of equal 
radius. The impedance as a ftmction of the number 
of radial wires is plotted on the same charts with 
calculated impedance values based on a fonnula 
by Wait [1954]. 

2. Impedance Calculations 

The impedance of a monopole antenna over an 
iniperfectlv conducting gi'ouiul is given b^" Wait 
[1954] as ' 



Z=Z 



Jo Jo 



H;(r,0)Er(r,0)rdr. 



(1) 



iThe rationalized MKS system of units is used for all equations. 



Z°° and ri^{r,0) ai-e quantities which would exist if 
the ground were ])(M'l'ectl\' corulucting. Z°° is the 
in()n()])()lc base impechmce, and II^{r,0) is the mag- 
netic fi(4(l at th(^ suiface of the ground for a monopole 
base current of Yy. Er{r,0) is tlie tangential com- 
ponent of the electric field which exists for a monopole 
base current of /q and for the imperfectly conducting 
ground. The time dependence is exp (icot) where co 
is angular frecjucMicy, t is time and i=-\l — }. Th(» 
co(>i'(liiuite system is shown in figure 1. 

For the case of a coiulucting disk ground system 
of radius ''a/' EXr,0)=0 for 0</<a and (1) 
becomes 



Z=Z 



p 



n;{r,Q)Kr{r,())rdr. 



(2) 



For the case of a rachai wire ground system such 
as showm in figure 2 the wii'es are connected to a small 
metal disk of radius ^^a"; therefore, (1) becomes 



z=z- 



^Q J a 



H;(r,Q)E,{r,0)rdr 



-^r H;{r,0)Er(r,0)nlr. (3) 



\ 



MEDIUM NO. I {fJ.o,€o) 



MONOPOLE ANTENNA 



IMPERFECTLY 
CONDUCTING GROUND 



-///?>/!!!-'<?;? 



^mw^ 



GROUND SYSTEM 
MEDIUM NO. 2 (/X2,e2,cr2) 



Figure 1. Monopole antenna and ground system on the 
surface of an imperfectly conducting half space. 



175 




MONOPOLE ANTENNA 
(INSULATED FROM GROUND) 



SMALL METAL DISK TO WHICH 
RADIAL WIRES ARE CONNECTED 



RADIAL WIRES 



Figure 2, Top view of a radial wire ground system. 



Er(rfi) in the two integrals of (3) is the electric 
field with the radial-wire ground system in place. 
The assumption is now made that the boundary at 
the surface of the ground can be approximated by an 
impedance boundary; so we have the approxhnate 
relation. 



EXr,0)^-rjH,(r,0)^-rjH;(r,0), 



(4) 



where the surface impedance, rj, can be a constant or 
a function of position, depending upon the ground 
system. This approximation is valid if \r]\ is suffi- 
ciently small [Wait, 1954]. 

Using (4), (2) and (3) now become 



Z^Z^ + 



and 



27rr 

^0 J a 



v,lH;{rMrdr 



(5) 



Z^Z- + ^f\AH;irMrdr 

-^0 J a 

-§\ v'AHnrMrdr. (6) 



+ - 



7]g is the surface impedance of the ground without a 
radial-wire system, rjg and rje are the surface im- 
pedances of the ground for b<^r and a<^r<^b respec- 
tiveh' with the radial-wire system in place. 

Tjg may be approximated to a good order of ac- 
curacy by rjg [Wait, 1954; Maley, King, 1961]; thus 



Vg~Vg= 



IjJL-lOi 



_^2 + 



2^ "jz. 
^C0€2J 



(7) 



The un.pedance, ry^,, of a radial-wire system in 
free space has been given by Wait [1954] as 






(8) 



where X is the free space wavelength, A^ is the num- 
ber of radial wires, and c is the radius of the wires. 
Since the radial-wire system is on the surface of 
the ground, it seems reasonable to place the im- 
pedances 7)^ and T],, in parallel to give r^^; thus [Wait, 
1954] 
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RADIAL WIRES ■ 
WATER SURFACE 



RADIAL WIRES ARE FASTENED 
TO SUPPORT STRUCTURE 
SEVERAL SKIN DEPTHS BELOW 
WATER SURFACE 




X/4 MONOPOLE ANTENNA 
(EXTENSION OF COAXIAL TRANSMISSION 
LINE CENTER CONDUCTOR) 



SMALL METAL DISK TO WHICH 
RADIAL WIRES ARE ATTACHED 



¥/ ////////////////////////////// /. I m^^^m^MMm^ 



- METHACRYLATE RESIN 
SUPPORT STRUCTURE 



COAXIAL TRANSMISSION LINE 



Fic.URE 3. Radial wire ground system used for impedance 

measurements. 



VgVw 
Vg+Vw 



(9) 



This procedure has recently been given strong justi- 
fication [Wait, 1959]. 

We now need expressions for Z" and H^(rfi). 
These can be calculated by assuming a current dis- 
tribution on the antenna; however, these quantities 
can also be obtained from measurements of the im- 
pedance of the monopole with a circular conducting 
disk ground system. The impedance of the mono- 
pole with the disli ground system on the surface of 
the water was measured as a function of disk radius 
"a,^^ and is plotted in figure 4 for a frequency of 4.2 
k.Mc/s. Z°° can be obtained bv extrapolation from 
these curves [Maley, King, 1961; Johnk, I960]. 
Differentiation of (5) witli respect to ^^a'^ gives 



dZ 

r 

da~ 






(10) 



Using (7), the quantity 



2x 



[H;{rmr 



can therefore be evaluated in terms of the slope of 
the curves of Z as a function of '^a'^ shown in 
figure 4. 

Equations (6), (7), (8), (9), (10), and figure 4 
may now be used to calculate the impedance for the 
monopole with the radial-wire ground s^^stem. The 
effect of the number and length of the radial wires is 
of primary concern in this part of the investigation; 
therefore, from (6) we may obtain the expression 

^0 Ja 

=^ r Ve[H;{r,0)Yrdr+^ f v'AH;{r,0)frdT 

J^ J a J-0 J b 

-% r r,AH;{rmrdr. (11) 
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Figure 4. Measured values of incremental impedance, AZ, of a X/4 monopole with a circular conducting disk (jronnd system as a 

function of disk diameter, a. 



Calciilalious made iVoiii the ri^lit liaiul sido of (11) 
give the change, AZ, in iin])e(hinee due to the ad- 
dition of the radial wires. AZ is zero when A^=0. 
AZ was calculated for w/27r=4.2 k'Mc/s, a=0.89, 
0.242, 0.299, 0.360, 0.433, and 0.500 wavelengths 
and for .V=0, 2, 4, 8, 16, and 32. The imperfectly 
conducting ground was taken to be water for wliich 
€2/eo + o'2A'<^eo=72— il5. The approximation given 
by (4) is valid for water at the fre({uencies used here. 
The calculated values, AZ, are plotted in figures 5 
and 6 on the same charts with measured values. 
Calculations and measurements were also made at 
9.6 kMc/s, but the results were sunilar and are not 
shown here. 

3. Experimental Equipment 

The water tank was constructed of wood and was 
made waterproof by placing a sheet of 0.127 nun 
thick polxethylene on the bottom and sides. The 
tank is approximately 3.7 m square (50 wavelengths 
square at 4.2kMc/s) and 10 cm deep, and it is usually 
filled with water to a depth of 5 to 8 cm which is 
more than 10 skin depths at the frequencies used.^ 



2 The skin depth of water at 4.2k:Mc/s is about 4 mm nd at Q.OkMc/s is about 
1 mm. 



The antenna was excited by a vertical coaxial trans- 
mission line exteruHng through the bottom of the 
tank. The length to diaiiu^ler ratio of tln^ monopole 
used was 11.2. 

The circular conducting disk ground system has 
been described previously [Johnk, I960]. The radial- 
wire ground system consists of a small disk connected 
to the outer conductor of the coaxial feedline. The 
radial wires hi turn are connected to the disk and 
are supported at their outer emls by a structure 
made of methacrylate resin as shown in figure 3. 
The top of the support structure is just l)elow the 
water surface when in position and is sufHciently 
thin at the top so that its effect on the monopole 
impedance was negligible. Difi'erent support struc- 
tures were used for dift'erent lengths of radial wires. 
The radial wires were bent around the support 
structure and then fastened to the structure several 
wavelengths below the water surface. It was as- 
sumed and experimentally verified that the parts 
of wires l)elow the water surface had a negligible 
effect on the impedance. 

4. Impedance Measurements 

The impedance measurements were made by 
conventional slotted line techniques in the coaxial 
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FiGUKE 5. Measured and calculated values of change, AZ, in impedance of a X/4 monovole with a radial wire ground system of 
radius, h, as a function of N, the number of wires; measured values are indicated by dashed lines and calculated values by solid 
lines. 
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Figure G. Measured and calculated values of change, AZ, in impedance of a X/4 monopole ivith a radial wire ground system of 
radms, b, as a function of K, the uumher of ivires; measured values are indicated })y dashed lilies and calculated values by 
solid lines. 
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line below the water tank. The transformation 
of the impedance from the slotted line to the base 
of the monopole has been discussed previously 
[Johnk, I960]. 

The impedance measurements with the circular 
conducting disk were made by starting with a large 
disk and making a series of impedance measurements, 
machining the disk to a smaller diameter after each 
measurement. These measurements are shown in 
figure 4. Since only the derivatives of these curves 
are of concern in this investigation, the location of 
the origin for the ordinates is not of importance and 
was chosen such that the curves represent the 
change, AZ, of impedance from that for the case 
of a perfectly conducting ground. 

Impedance measurements were made with the 
radial-wire ground system by first connecting as 
many wires as the structure would hold and then 
successively measuring impedances while removing 
two or more radial wires after each measurement. 
These impedance measurements are shown in figures 
5 and 6. It is the change of impedance due to the 
presence of the radial wires that is of primary con- 
cern in this case; therefore, the impedances in these 
figures are plotted as changes, AZ, from the im- 
pedance for no radial wires. Thus AZ=0 for A^=0. 

5. Conclusions 

The measurements shown in figures 5 and 6 show 
that the effect of a radial-wire ground system on the 
impedance of a monopole is reasonably well predicted 
by (8) and (9) b,y Wait for the surface impedance of 
such a system. 

The curves of incremental reactance, AX, as a 
function of the number of radial wires show that 
AX increases monotonically as the number of wires 
is increased. This characteristic is in agreement with 
the calculated curves. The difl^erence between the 
measured and calculated curves for AX is less than 
1 ohm maximum in every case; and for ground 
system radii of 0.366X and 0.500X it is m.uch less. 

The curves of incremental resistance, AB, as a 
function of the number of wires show that AE, for 
each value of ground system radii, has a maximum 
between A^=8 and A^=14. This maxmium is in 
agreement with the calculated curves. The dif- 
ference between the measured and calculated curves 
for AK is less than 1.5 ohms in all cases. 

In the derivation of (8), Wait has assumed that 
|7o<^|<C<Cl, where 7o is the intrinsic propagation con- 
stant in free space and d is the distance between the 



radial wires; lie further indicates that for the case in 
which the radial-wire system, is placed on the surface 
of the ground tlie condition should be |7//K<1, 
where 

Je — 



-c-^*y 



and 7 is the intrinsic proj^agation constant in the 
ground. The experimental measurements in figures 
5 and 6 indicate that (8) gives results which agree 
reasonably well with measurements for values of d 
substantially larger than the above limitations would 
indicate. Some of the measurements shown in 
figures 5 and 6 were made with {y^dl having values 
of the order of 5 or higher. 

Water, used as the ground in this investigation, 
has paranaeters somewhat different than usually 
found for an actual ground at lower frequencies. 
The practical problems involved in scaling an actual 
ground from, low frequencies to microwave frequen- 
cies are substantial; therefore, rather than try to 
construct an actual scale model, it was decided to 
make measurements for a convenient ground (water) 
and investigate the validity of (8) and (9) for this 
case. Since these equations have yielded results 
which agree reasonably well with the measurements 
made in this investigation, the>' may be applied, with 
somewhat more confidence than before, to antenna 
systems operating at different frequencies and having 
grounds with different parameters. Such calcula- 
tions will be presented in Part II of this paper. 
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